Background: Gait instability often limits post-stroke function, although the mechanisms underlying this instability are not entirely clear. Our recent work has suggested that one possible factor contributing to post-stroke gait instability is a reduced ability to accurately control foot placement. The purpose of the present experiments was to investigate whether post-stroke gait function is related to the ability to accurately abduct and adduct the hip, as required for accurate foot placement. Methods: 35 chronic stroke survivors and 12 age-matched controls participated in this experiment. Participants performed hip oscillation trials designed to quantify hip abduction/adduction accuracy, in which they lay supine and moved their leg through a prescribed range of motion in time with a metronome. Stroke survivors also performed overground walking trials at their self-selected speed. Findings: 28 of the 35 stroke survivors had sufficient active range of motion to perform the prescribed hip oscillation task. In comparison to controls, these 28 stroke survivors were significantly less accurate at matching the abduction target, matching the adduction target, and moving in time with the metronome. Across these stroke survivors, a multiple regression revealed that only paretic hip abduction accuracy made a unique contribution to predicting paretic step width and paretic step period, metrics of gait performance. Interpretation: The present results demonstrate that the ability to accurately abduct the hip is related to poststroke gait performance, as predicted from a model-based gait stabilization strategy. Therefore, interventions designed to improve lower limb movement accuracy may hold promise for restoring post-stroke gait stability.
Introduction
Gait instability commonly limits post-stroke functional mobility. Such instability is reflected by an increased fall risk among chronic stroke survivors in comparison to the healthy elderly, with falls often occurring during walking [Weerdesteyn et al., 2008; Batchelor et al., 2012] . Mobility can also be limited by fear of falling, even without a preceding fall [Hyndman et al., 2002; Schmid et al., 2012] . The prevalence of gait instability has motivated the development of clinical tests (e.g. Berg Balance Scale, Dynamic Gait Index) intended to identify individuals with increased fall risk [Blum and Korner-Bitensky, 2008; Jonsdottir and Cattaneo, 2007] . Similarly, many lab-based measures (92 reported in a recent review) have been proposed as predictive of falls [Hamacher et al., 2011] . These measures vary widely in terms of complexity, ranging from simple linear metrics (e.g. step width variability, margin of stability) [Brach et al., 2005; Hof, 2008; Hak et al., 2013 ] to more complex nonlinear metrics (e.g. Lyapunov exponents, Floquet multipliers, long-term correlations) [Herman et al., 2005; Granata and Lockhart, 2008; Lockhart and Liu, 2008] . However, neither the clinical tests nor the lab-based measures typically provide insight into the mechanistic causes of instability.
Rather than simply classifying a gait pattern as unstable, it would be beneficial to identify specific limitations that contribute to an individual's instability. Interventions could then be targeted to the underlying causes, allowing both a mechanistic approach and patientspecific treatment. As an example, lower extremity muscular weakness has been linked to fall risk and fear of falling [Mackintosh et al., 2006; Kim et al., 2012] . Therefore, strengthening interventions may improve gait stability in stroke survivors with this limitation. However, strengthening alone is likely insufficient, as a large-scale intervention including task-related strengthening did not reduce post-stroke fall incidence [Dean et al., 2012] . Beyond strength, post-stroke fall risk has been linked to many other factors, including general balance deficits, neglect, and altered sensation or perception [Batchelor et al., 2012] . Despite this complexity, appropriate mechanical interactions with the environment are in every case a necessary component of a stable gait pattern. Therefore, identifying limitations in mechanical behavior that contribute to poststroke gait instability may be a valuable step in the development of more robust interventions.
We have taken the approach of first investigating how neurologically intact controls maintain gait stability. As mediolateral stability is particularly challenging during bipedal gait [Kuo, 1999] , we have sought to identify the typical strategy for controlling mediolateral foot placement, an efficient stabilization mechanism [MacKinnon and Winter, 1993; Kuo, 1999; Bauby and Kuo, 2000] . Uninjured controls use a consistent strategy of modulating their swing leg hip abductor activity based on their body's mechanical state, with this abductor activity influencing foot placement [Rankin et al., 2014] . Briefly, the mediolateral distance between the stance foot and center of mass [CoM] at the start of a step is positively associated with step width [Hurt et al., 2010; Wang and Srinivasan, 2014] . Among controls, this stabilization strategy is used both during unperturbed walking and when mediolateral perturbations are applied to the swing leg or CoM [Hof and Duysens, 2013; Rankin et al., 2014] . However, a subset of stroke survivors classified as unstable does not exhibit this foot placement strategy for paretic steps [Dean and Kautz, 2015] , providing indirect evidence for the functional importance of this strategy.
Given the importance of foot placement location and timing for ensuring mediolateral gait stability [Hof, 2008; Hak et al., 2013] , an inability to accurately control the magnitude and timing of hip abduction and adduction could prevent use of the typical stabilization strategy. The most severe consequence of improper foot placement is an increased risk of overly medial swing foot placement, causing the CoM to pass laterally to the base of support during the subsequent stance phase and requiring a cross-over step to prevent a fall. Stroke survivors may adjust their gait pattern to avoid such losses of balance; specifically, improper paretic foot placement may be compensated for by walking with wider steps, while improper step timing may be compensated for by shortening the stride period [Hof, 2008; Hak et al., 2013] .
The purpose of the present work was to investigate whether the ability to accurately abduct and adduct the hip (as required to adjust the location and timing of foot placement during the swing phase of gait) is related to post-stroke gait function. Specifically, we tested whether performance of a dynamic hip positioning task with low strength demands was related to paretic step width and step period, as changes in these metrics are often associated with a more conservative gait pattern [Wall et al., 1991; Turnbull et al., 1995] . Secondarily, we tested whether hip movement accuracy was related to paretic step width variability (a simple metric of mediolateral stability) and gait speed (a general metric of gait function). The results could motivate interventions focused on improving post-stroke movement accuracy. We hypothesized that stroke survivors would exhibit a reduced ability to accurately abduct and adduct their paretic limb in comparison to controls. Across individual stroke survivors, we hypothesized that poorer paretic hip abduction/adduction accuracy would be associated with wider paretic steps, shorter paretic step periods, increased step width variability, and slower gait speeds.
Methods

Participants
We recruited 35 chronic stroke survivors and 12 neurologically intact controls to participate in this experiment. As this was an exploratory study, our sample sizes were based on previous work that identified significant associations between gait performance and isolated lower extremity function among stroke survivors (n ≤ 21) [Lee et al., 2005; Lin, 2005] , and that reported significant post-stroke deficits in joint motion tracking relative to controls (n ≤ 11 per group) [Chung et al., 2006; Halaney and Carey, 1989; Patten et al., 2003] . All participants were recruited using convenience sampling from a database housed at the Medical University of South Carolina, contacting individuals who met the study's basic inclusion and exclusion criteria. Stroke survivor inclusion criteria were: a stroke resulting in unilateral paresis at least 6 months prior to recruitment; ability to walk independently without external bracing or an assistive device; bilateral active frontal plane hip range of motion of at least 20°. Exclusion criteria were: legal blindness or severe visual impairment; inability to follow 3-step commands; depressive symptomology (PHQ-9 N 5); cardiac instability or significant medical complications limiting functional capabilities. Control participants were recruited to approximately match the age distribution of the stroke survivors. All participants provided informed consent using a form approved by the MUSC Institutional Review Board, and consistent with the Declaration of Helsinki.
Hip oscillation task: experimental procedure
A reclined hip oscillation task was used to quantify participants' ability to accurately abduct and adduct their hip during dynamic, active movement. The task was designed to minimize the muscle forces required to produce the movement (reducing the effects of potential strength deficits) and mimic the sources of sensory feedback typically available from the swing leg during walking. Participants lay supine on a padded table with one leg supported by a sling hanging from a low-friction track, such that minimal hip torques were required to move the leg. The knee of the other leg was bent to 90°, and supported on a lower surface. To prevent participants from using cutaneous feedback to sense their movement, they were positioned so the sling-supported leg was entirely off the table and would not make contact with the contralateral leg during hip oscillation. Participants' vision of their legs was blocked by a monitor and curtain. Participants wore noise-canceling headphones playing brown noise to prevent them from using auditory feedback to monitor leg motion. Participants completed at least two practice trials (30 s each) of the hip oscillation task before data collection. Additional practice trials were repeated as necessary until the experimenter was confident that the participant understood the requirements of the task.
A 12-camera motion capture system (PhaseSpace; San Leandro, CA, USA) with spatial resolution of 0.25 mm was used to record leg motion. Six active LED markers were placed bilaterally on the ASIS, the anterior aspect of the proximal tibia of each leg, and the anterior aspect of the distal tibia of each leg. Marker positions were sampled at 60 Hz, and used to calculate the hip abduction/adduction angle of the supported leg in near real-time, by calculating the horizontal plane angle between a vector connecting the two ASIS markers and a vector connecting the proximal and distal tibia markers (effective angular resolution of 0.1°). Real-time hip angle values were displayed graphically on the monitor (Fig. 1A) .
Participants performed nine 30-s hip oscillation trials with each leg. In all trials, participants were instructed to move in time with a metronome played through the headphones at 40 BPM, just reaching the peak abduction and adduction angles at each tone (cycle period = 3 s). Movement amplitude was prescribed to one of three levels (10°, 15°, 20°peak-to-peak) using target lines displayed on the monitor, with three trials performed at each amplitude. The midpoint of the prescribed motion was always 5°hip abduction, and scaling on the monitor was varied so the targets for each prescribed amplitude appeared the same to participants. Trial order was assigned using a randomized block design (i.e. each "block" of three trials included one trial at each prescribed amplitude, in random order). For the largest prescribed amplitude, following the metronome in a sinusoidal pattern would result in a maximum angular velocity of~20°/s, approximately matching the peak swing phase hip abduction velocity from published normative gait data [Vaughan et al., 1999] . Participants were provided with at least 30 s of rest between trials.
Hip oscillation task: data analysis
The calculated hip angle was low-pass filtered at 10 Hz with a 3rd order Butterworth filter. We identified the peak abduction and adduction angles using the MATLAB findpeaks function (separated by at least 1.5 s), as well as the absolute error between these peak angles and the matching target angle. We calculated movement period as the time between consecutive peak abduction angles (Fig. 1B) , as well as the absolute error in comparison to the prescribed 3 s period. We did not include the first 6-s of the trial, allowing participants to perform two complete movement cycles of practice with the prescribed task. Therefore, a total of 24 s (~8 movement cycles) were included in our analyses.
While all participants had sufficient range of motion to reach the hip positions required for the hip oscillation task under static conditions (see inclusion criteria), we determined in offline analysis whether each participant had sufficient range of motion to perform the more challenging prescribed dynamic task. Any participant consistently unable to achieve the largest prescribed hip abduction or adduction angle was omitted from subsequent analyses. For other participants, we calculated the following average metrics for each prescribed range of motion: peak abduction angle; peak adduction angle; absolute error for peak abduction angle; absolute error for peak adduction angle; movement period; and absolute error in movement period.
Walking: experimental procedure
Stroke survivors performed five trials in which they walked at selfselected speed over a 7 m instrumented mat (GAITRite; Franklin, NJ, USA), which recorded foot pressure location at a sampling rate of 80 Hz. Participants had sufficient space (2 m) before and after the mat to accelerate and decelerate (steps were not measured), and wore a safety harness attached to an overhead rail to prevent a fall in case of a loss of balance.
Walking: data analysis
For walking trials, we calculated each stroke survivor's average paretic step width, average paretic step period, paretic step width variability (standard deviation across all trials), and gait speed using data collected by the instrumented mat. These measures correspond to the gait characteristics that we hypothesized would be affected by an inability to accurately abduct and adduct the hip.
Statistics
We first tested whether stroke survivors and controls differed in their ability to accomplish the prescribed hip oscillation task, using a series of 2-way ANOVAs with interactions (type 3 sum of squares). The independent variables were group (control legs vs. non-paretic legs vs. paretic legs) and prescribed amplitude (10°vs. 15°vs. 20°), while the dependent variables were peak abduction angle, peak adduction angle, and movement period. We then tested whether stroke survivors and controls differed in their ability to move their hip accurately on a cycle-by-cycle basis (independent of prescribed amplitude), using a series of 1-way ANOVAs. Here, the independent variable was group (control legs vs. non-paretic legs vs. paretic legs), while the dependent variables were absolute abduction error, absolute adduction error, and absolute movement period error. For all ANOVAs, we performed Tukey-Kramer post-hoc tests when appropriate to identify significant differences across the independent variables.
We also tested whether a stroke survivor's ability to accurately perform the hip oscillation task with their paretic leg was related to their gait characteristics. As an initial indication of the direction and strength of these potential relationships, we first performed Pearson correlations between the paretic hip oscillation error measures (abduction, adduction, and movement period) and gait measures (paretic step width, paretic step period, paretic step width variability, and gait speed). Correlation magnitudes were classified as absent (b 0.25), fair (0.25-0.50), moderate to good (0.50-0.75), or good to excellent (N0.75) [Portney and Watkins, 2015] . To more clearly test whether individual hip oscillation measures made a unique contribution to predicting gait performance, we performed a series of multiple regressions using the same independent and dependent variables. All statistical tests were performed using the MATLAB Statistics and Machine Learning Toolbox. P-values b 0.05 were interpreted as significant.
Results
Hip oscillation task
All 12 control participants were able to successfully perform the hip oscillation task. Of the 35 tested stroke survivors, 28 were able to successfully perform this task. 7 had insufficient dynamic range of motion, and are thus not included in subsequent analyses. Basic demographics of all included participants are provided in Table 1 .
During hip oscillation, the average movement pattern was quite similar between controls and stroke survivors. Peak abduction angle scaled as expected with the prescribed movement amplitude (p b 0.001), but did not vary significantly between groups (p = 0.20) and was not influenced by a significant interaction between amplitude and group (p = 0.07) (Fig. 2A) . Similarly, peak adduction angle also scaled with the prescribed amplitude (p b 0.001), but was not significantly affected by group (p = 0.55) or an interaction between amplitude and group (p = 0.31) (Fig. 2B) . Movement period was consistent across conditions, with no significant effect of prescribed amplitude (Fig. 2C) . While the average movement patterns were similar across groups, stroke survivors were less accurate on a cycle-by-cycle basis. The absolute error in peak abduction angle was significantly influenced by group (p = 0.002), and was significantly larger in paretic legs than control legs (Fig. 3A) . Absolute error in peak adduction angle was also significantly influenced by group (p = 0.002), with significantly larger errors for both paretic and non-paretic legs compared to controls (Fig. 3B) . Finally, absolute error in movement period was significantly influenced by group (p = 0.005), and was significantly larger in paretic legs than control legs (Fig. 3C) .
Relationships between post-stroke hip oscillation and walking performance
A stroke survivor's ability to accurately perform the hip oscillation task with their paretic leg was related to their gait characteristics, with the results of linear correlations presented in Table 2 . Briefly, larger errors in peak abduction angle, peak adduction angle, and movement period were all associated with wider paretic steps, longer paretic step periods, and slower gait speeds (with fair to moderate correlation magnitudes ranging from 0.39 to 0.59). In contrast, none of our measures of hip oscillation performance were significantly associated with paretic step width variability.
Regression analyses revealed a unique contribution of hip abduction error to predicting several gait characteristics, with results presented in Table 3 . The combination of abduction error, adduction error, and movement period error predicted 40% of the variation in average paretic step width, but only abduction error made a statistically significant independent contribution. Similarly, the combination of these three error metrics predicted 38% of the variation in average paretic step period, but again only abduction error made an independent contribution. In contrast, intersubject variation in paretic step width variability was not significantly predicted by the combination of our error metrics. Finally, 37% of the variation in gait speed was predicted by our three error metrics, although none of these metrics made an independent contribution.
Discussion
The present work investigated the relationship between hip abduction/adduction accuracy and gait function in chronic stroke survivors. As hypothesized, stroke survivors as a group were less accurate than controls at performing the hip oscillation task, in terms of peak hip abduction, peak hip adduction, and movement period errors. Our hypotheses relating hip oscillation performance to gait performance were only partially supported, as increased paretic hip abduction errors were predictive of wider paretic steps but also of longer paretic step periods.
Stroke survivors were less accurate than age-matched controls at abducting and adducting their hip, particularly for the paretic leg. However, these errors were relatively small, raising the question of their functional relevance. Across the tested stroke survivors, average paretic hip abduction error varied from 0.5°in the most accurate quartile to 1.3°i n the least accurate quartile. For an individual of average leg length, we can estimate that such hip abduction errors would correspond to mediolateral foot placement errors of 0.8 cm and 2.1 cm, respectively. As comparison, young controls have been reported to walk with an average mediolateral margin of stability of only 1.6 cm, a metric relating the foot center of pressure location to the location and velocity of the CoM [Hof et al., 2007] . In this context, a foot placement error of over 2 cm could have a major impact on gait stability.
Performance of our hip oscillation task required participants to sense the position of their leg (likely using visual and proprioceptive feedback), process this multisensory feedback, and generate an appropriate Fig. 2 . Average hip oscillation task performance. The effects of group (control vs. non-paretic vs. paretic legs) and prescribed amplitudes (10°vs. 15°vs. 20°) are illustrated for peak abduction angle (A), peak adduction angle (B), and movement period (C). For all panels, data points indicate means and error bars indicate 95% confidence intervals. Asterisks (*) illustrate significant post-hoc differences between the indicated prescribed amplitudes, collapsed across leg groups. Fig. 3 . Hip oscillation task errors. The effects of group (control vs. non-paretic vs. paretic legs) are illustrated for peak abduction error (A), peak adduction error (B), and movement period error (C). Data points indicate means and error bars indicate 95% confidence intervals. Asterisks (*) illustrate significant post-hoc differences between the indicated leg groups. descending motor command. Therefore, post-stroke deficits in sensation, sensorimotor processing, or motor coordination could contribute to the decreased accuracy. Our results are thus unable to isolate specific sensory deficits (e.g. proprioception), which are typically quantified using detection or matching of passively applied movements [Suetterlin and Sayer, 2014; Hillier et al., 2015] . However, even these tests of conscious body position or movement awareness may provide only limited insight into the subconscious use of sensory feedback during active, dynamic movements [Bhanpuri et al., 2013; Aman et al., 2015; Chu et al., 2015] , when such feedback is likely to be most important functionally [Suetterlin and Sayer, 2014; Hillier et al., 2015] .
Across individual stroke survivors, the ability to accurately abduct the paretic leg was related to some aspects of gait performance. While we found many significant correlations between our metrics of hip oscillation accuracy and gait, regressions found only hip abduction accuracy to make an independent contribution. This apparent relative importance of hip abduction accuracy is likely a result of the primary role played by the hip abductors in controlling mediolateral foot placement [Hof and Duysens, 2013; Rankin et al., 2014] . Larger hip abduction errors predicted increased step width, likely a compensatory response to the perceived risk of lateral losses of balance [Maki, 1997; IJmker et al., 2015] . However, these wider steps may not be an entirely beneficial response to instability, as increased step widths appear to contribute to the large fluctuations in frontal plane angular momentum once unstable stroke survivors transition into paretic single leg stance [Nott et al., 2014] . Contrary to our expectations, larger hip abduction errors actually predicted longer step periods. While we hypothesized that individuals with poor accuracy would use faster steps to help ensure their stability (as observed previously; [Hak et al., 2013] ), they instead slowed their steps along with their overall gait speed, possibly to allow more time to achieve a safe paretic foot placement location. Surprisingly, none of the quantified measures of hip movement accuracy were significantly associated with step width variability, a simple measure of mediolateral gait stability. This negative result could be attributed to either the nonmonotonic relationship between step width variability and fall-risk [Brach et al., 2005] , or the need for substantially more steps (~400) to accurately quantify this measure [Owings and Grabiner, 2003] .
While the design of our hip oscillation task allowed us to focus on post-stroke deficits in hip abduction/adduction accuracy, other limitations could clearly also influence gait function. Indeed, our regressions suggest that~60% of the intersubject variability in paretic step width and step period is attributable to other causes. For example, motor dyscoordination causing the hip circumduction commonly observed in low-functioning stroke survivors [Chen et al., 2005; Stanhope et al., 2014] could lead to wider steps. Alternatively, post-stroke deficits in accurately perceiving the body's mechanical state -such as the perception of CoM mechanics [de Oliveira et al., 2008] or lower extremity loading [Chu et al., 2015] -could indirectly contribute to the preference of a more conservative gait pattern with slower, wider steps. To optimally improve post-stroke gait stability and overall function, interventions must be developed to address each of these potential deficits.
While the present results demonstrate a link between hip abduction accuracy and post-stroke gait, several limitations must be addressed. Most notably, we did not directly quantify gait stability. Future work should relate hip abduction accuracy to use of the typical gait stabilization strategy and clinical measures of stability. We quantified mediolateral gait motion using step width, due to its relative ease of measurement and link to gait instability and fear of falling [Maki, 1997] . However, accurate leg positioning could be more closely related to mediolateral foot placement, which quantifies leg position relative to the CoM during walking and can exhibit trends distinct from step width [Balasubramanian et al., 2010; Roden-Reynolds et al., 2015] . More detailed kinematic measurements would allow us to test whether hip abduction accuracy is related to mediolateral foot placement accuracy, possibly while stepping to visually presented targets [Zissimopoulos et al., 2014; Reissman and Dhaher, 2015] . This initial study investigated unperturbed forward walking at a self-selected speed, as even this seemingly easy task is the cause of many falls [Robinovitch et al., 2013] . Our results could be extended by testing whether appropriate foot positioning also influences post-stroke gait performance with more challenging tasks, such as changes in direction or overcoming external perturbations [Hof, 2008] . We quantified hip abduction and adduction accuracy using a relatively simple task in which visual feedback of leg position was available to participants, and movement period remained constant across trials. Further insight may be possible by reducing the available visual feedback [Vidoni and Boyd, 2009 ] to investigate individuals' use of proprioceptive feedback, and by varying the mechanical parameters of the task to isolate displacement from velocity effects [Steyvers et al., 2001] . Finally, we focused on relationships between behavioral measures that could conceivably be monitored in a physical therapy clinic, and did not control for factors such as stroke location that can influence sensorimotor function [Collins, 2007] . Ideally, the type of behavioral measurements described here can be combined with neurophysiological and clinical measurements in order to identify Table 3 Regression results between hip oscillation metrics and gait metrics. Each row presents the results of a multiple regression predicting the indicated gait metric. For each hip oscillation metric, the regression coefficient is presented, followed by the 95% confidence interval in brackets, and the partial η 2 value. Significant contributing factors are indicated in bolded italics. The final column presents the R 2 values for the total regression models, with the p-values in parentheses and significance again indicated by bolded italics. the cause of the altered behavior limiting gait function, and select the best treatment option for an individual patient. Despite these limitations, the present results have implications for future clinical studies. By minimizing the active torque demands of the hip oscillation task, we were able to identify deficits in movement accuracy that are not solely due to weakness, and relate these deficits to gait performance. Therefore, functional mobility may be improved by training methods focused on post-stroke movement accuracy, including step accuracy training currently under investigation [Heeren et al., 2013; Hollands et al., 2015] . In addition, interventions designed to enhance available sensory feedback could contribute to improvements in movement accuracy. Specific to hip abduction, vibratory stimuli may hold promise for modulating the sensory feedback used to control foot placement location [Walker et al., 2014; Roden-Reynolds et al., 2015] . An appropriate combination of behavioral training and enhanced sensation may allow improvement of post-stroke hip abduction accuracy and gait function.
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